 RESEARCH AND PRACTICE  Objectives. We assessed whether the association between low birthweight and early childhood asthma can be explained by an extensive set of individual-and neighborhood-level measures.
We analyzed a sample of children born in large US cities between 1998 and 2000 and followed the children through age 3 years. We used this sample to assess the extent to which the association between low birthweight and childhood asthma in the urban population can be explained by an extensive set of demographic and socioeconomic characteristics, maternal medical risk factors, and prenatal behaviors that are associated with both conditions. We also explored the extent to which neighborhood characteristics explain the association.
METHODS Data
Births were randomly selected from birth logs in 75 hospitals in 20 US cities with populations greater than 200 000 as part of the Fragile Families and Child Wellbeing study, a national longitudinal birth cohort survey that is representative of the US urban population. Nonmarital births (births to unmarried parents) were oversampled. Mothers were approached, while still in the hospital after giving birth, by a professional survey interviewer and screened for eligibility. If eligible, the mothers were asked to participate in a national survey about the conditions and capabilities of new parents, their relationships, and their children's well-being. Mothers were eligible for the study if they and their baby's father were at least 18 years old, although this age restriction did not apply in approximately one third of the hospitals, where they were considered emancipated minors; if they were able to complete the interview in either English or Spanish; if the father of the newborn was living; and if they were not planning to place the child for adoption. Informed consent was administered. A total of 4898 mothers (86% of those eligible) were interviewed between the spring of 1998 and the fall of 2000. 36 Mothers were reinterviewed when the child was approximately 1 year old and then again at 3 years. Of the 4898 mothers who completed baseline interviews, 3319 (68%) completed interviews 3 years later, at which time they were asked whether the child had Childhood asthma has nearly doubled in the last 2 decades to become one of the most common chronic childhood conditions in the United States, from 3.7% of children in 1980 to 6.9% in 1995. 1, 2 Although family history of asthma and atopy is highly predictive of asthma in children, 3 most researchers agree that environmental factors must play an important role, because genetic variation alone cannot explain such a steep increase in childhood asthma rates. [3] [4] [5] Childhood asthma is associated with increased rates of doctor visits, hospitalizations, school absenteeism, parental work absenteeism, child activity limitations, and child disability. [6] [7] [8] Children living in inner-city neighborhoods are at especially high risk for asthma.
9,10
The rates of low birthweight (< 2500 g) and very low birthweight (< 1500 g) have also increased in the US to 7.8% and 1.5%, respectively-the highest levels in 3 decades. The increases are largely, but not entirely, attributable to an increase in the prevalence of multiple births. 11 As a result of substantial advances in neonatal care technology, lowbirthweight infants are much less likely than they were in 1980 to die before their first birthday. 12 Low-birthweight infants who survive, particularly those who are very low birthweight, are at high risk for respiratory disorders.
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A number of studies have found strong associations between low birthweight and subsequent poor lung function, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] although not all have focused specifically on children or asthma. The mechanisms underlying the association are not clearly understood. The uterine environment may play a role, through nutritional intake and development of the immune and respiratory systems. 26, 27 Neonatal respiratory support interventions may contribute to disturbances in subsequent pulmonary function. 15 The observed associations between low birthweight and childhood asthma are also thought to reflect, at least in part, poverty-related factors such as inner-city residence and poor housing 
Measures
The mother was asked at the 3-year followup interview whether a doctor or health care professional had ever told her that her child has asthma. The child was characterized as having been diagnosed with asthma if the mother responded affirmatively to this question. Mothers of children who were diagnosed with asthma were asked whether the child had an asthma attack and whether the child had visited an emergency room or other urgent care facility because of asthma in the past 12 months. Birthweight was obtained from the medical records and coded as a dichotomous variable indicating whether the child was low birthweight (< 2500 g). Mothers' reports of their children's birthweight in the baseline interview were used in the case of 11 children for whom birthweight was not available from the medical records.
Past studies have demonstrated strong associations between socioeconomic status and child health outcomes, [37] [38] [39] , high-school graduate, and more than high school), and whether the mother worked in the year before the birth. We also included a dichotomous indicator for whether the birth was not privately insured (i.e., the birth was funded through Medicaid or the mother had no health insurance). This variable was included as a proxy for the mother's poverty status, not as a measure of access to or quality of health care. Medical and behavioral risk factors that are associated with both birthweight and childhood asthma 5, [42] [43] [44] [45] [46] [47] [48] were included in the analyses. The medical risk factors (assessed from the hospital medical records) included dichotomous indicators for history of maternal asthma, preexisting diabetes, gestational diabetes, preexisting hypertension, pregnancy-related hypertension, and prenatal mental illness. Also included were dichotomous indicators for maternal cigarette smoking and prenatal illicit drug use during pregnancy (ascertained from the medical records, baseline interviews, or both). We included an indicator for first trimester prenatal care from the baseline survey. A growing body of research has shown a strong association between housing characteristics and child health. 30, [49] [50] [51] [52] [53] [54] A number of neighborhood housing characteristics at the census-tract level were included in the analyses; they were based on the mother's residence at baseline when the child was born. The characteristics included the percent of vacant housing units, the percent of units lacking complete plumbing, the percent of renter-occupied units, the percent of units built before 1940, and the mean number of people per household. Also included was a measure of neighborhood poverty (the percent of families in the census tract with incomes below poverty level).
Statistical Analyses
Characteristics of the sample were examined by low-birthweight status, and separately, by the outcome (asthma diagnosis at age 3). Two-tailed t tests for comparison of means (and χ 2 tests for categorical variables)
were conducted using Stata 
RESULTS
Nineteen percent of the children in our sample had been diagnosed with asthma by approximately age 3. This figure is higher than the national rate discussed in our introduction. This was expected, because our sample is representative of births in large urban areas. Children who were low birthweight were almost twice as likely as those who were not low birthweight to have an asthma diagnosis by 3 years of age (34% vs 18%) ( Table 1) . Mothers of low-birthweight children were more likely than those of normal birthweight children to be non-Hispanic Black (65% vs 48%), younger than 20 years old (27% vs 19%), 35 years old or older (14% vs 9%), US-born (94% vs 84%), and hypertensive (48) 112 (65) 693 (48) 207 (60) Mexican origin 299 (18) 15 (9) 270 (19) 44 (13) Other Hispanic 162 (10) 13 (8) 130 (9) 45 (13) Non-Hispanic other 66 (4) 1 (1) 56 (4) 11 (3) Age, y, no. (%)
< 20 316 (19) 46 (27) .002 280 (19) 82 (24) .122
20-34, 1175 (72) 102 (59) 1039 (71) 238 (69) ≥ 35
140 (9) 24 (14) 138 (9) 26 (8) US Many of these characteristics also are associated with asthma diagnosis, in the same direction. Mothers of children who were diagnosed with asthma by age 3 were more likely than mothers of children without an asthma diagnosis to be non-Hispanic Black (60% vs 48%), Hispanic of non-Mexican origin (13% vs 9%), US-born (92% vs 83%), have less than a high-school education (42% vs 34%), have preexisting diabetes (2% vs 1%), have preexisting hypertension (5% vs 3 %), have a history of asthma (23% vs 11%), and to have had a Medicaid-funded or uninsured birth (77% vs 63%). They also lived in census tracts with higher vacancy rates, higher poverty rates, and higher proportions of housing that were renter-occupied, built before 1940, and had incomplete plumbing. They also were less likely to be non-Hispanic White (11% vs 21 %), of Mexican origin (13% vs 19%), married (14% vs 26 %), have education beyond high school (26% vs 36%), and have lived with both biological parents at age 15 (34% vs 43%). The children diagnosed with asthma by 3 years were more likely to be male (62% vs 50%) than those not diagnosed with asthma.
Very little of the strong association between low birthweight and childhood asthma at age 3 can be explained by the demographic, socioeconomic, medical, behavioral, and neighborhood characteristics included in our analyses (Table 2) . When the full set of covariates is included (Model 4; OR = 2.36; P < .001) the association is only 5% lower than that of the unadjusted model (Model 1;  RESEARCH AND PRACTICE  OR = 2.48; P < .001). Mothers who were Black, of non-Mexican Hispanic origin, USborn, had a male child, had gestational diabetes, had asthma themselves, had prenatal care in the first trimester, or had Medicaid or no insurance were significantly more likely to have a child diagnosed with asthma than mothers without these characteristics, after birthweight and other covariates were controlled. Living in census tracts with greater proportions of vacant housing and renter-occupied housing was positively associated with likelihood of asthma diagnosis. The associations between both of the housing measures and asthma were large, although the association between the housing vacancy rate and asthma was of borderline statistical significance. A 10 percentage point increase in the proportion of vacant houses in the census tract increased by 20% the likelihood of being diagnosed with asthma (Model 4; OR = 1.02; P = .096). A 10 percentage point increase in the proportion of renter-occupied housing in the census tract increased by 10% the likelihood of being diagnosed with asthma (Model 4; OR = 1.01; P = .046). Neither cigarette smoking during pregnancy nor prenatal illicit drug use was associated with childhood asthma when low birthweight and the other covariates were controlled. The associations between individual-level variables and asthma (Model 2) and between neighborhood-level variables and asthma (Model 3) remained virtually unchanged when both sets of variables were included (Model 4). Although multilevel modeling is the conceptually correct statistical approach for this type of analysis, there was in fact little clustering of observations within neighborhoods in our data. There were on average 1.5 births per census tract, and 69% of the 1174 tracts contained only 1 birth (data not shown).
We assessed the robustness of the results to alternative definitions of asthma, birthweight-related measures, and model specifications (results not shown, but available from the authors upon request). The outcomes included maternal reports of whether the child had an asthma attack (10% of sample), an asthma-related emergency room visit by the child (8%), and both of these (7%). The association of low birthweight with these outcomes was strong and significant regardless of model specification, and the housing vacancy rate was an even stronger and statistically significant predictor of these outcomes than it was of asthma diagnosis. Models of asthma diagnosis and low birthweight were estimated with each covariate alone, covariates significantly associated with asthma diagnosis at P < .05 (Table 1) , and city of residence, in addition to the full set of covariates. These models indicated strong, statistically significant, and robust associations between low birthweight and asthma, between housing vacancy rates and asthma, and between rates of owner-occupied housing and asthma.
The association between low birthweight and asthma was reduced by at most 10%, and that was when the only covariate in the model was Medicaid-funded or uninsured birth. Similarly robust associations were found among models that used categorical rather than continuous definitions of the neighborhood measures, that dropped very low-birthweight (<1500g) children from the sample, that dropped the 11 cases for which birthweight data were not available from the medical records, and that excluded mothers under age 18 (for whom education is confounded with maternal age). Finally, logistic regression models that did not account for clustering of births in certain neighborhoods produced results virtually identical to the multilevel results presented.
DISCUSSION
We found a strong association between low birthweight and asthma among 3-yearold children who were born in large US cities. This association remained virtually unchanged after an extensive set of maternal demographic, socioeconomic, medical, and behavioral risk factors that are associated with both low birthweight and asthma were controlled, as well as measures of neighborhood housing quality and poverty at the census-tract level. The results were robust to alternate model specifications and measures and underscore that low birthweight is a strong independent predictor of childhood asthma diagnosis among young urban children.
A number of previous studies of children in the United States 13, 15, 24 and other countries 16, 19, 20, 22, 23, 25, 26 have found persistent associations between low birthweight and asthma, after a variety of sociodemographic and medical risk factors were controlled. Several other studies, most of which focused on children in other countries, have not found an association. The latter set of studies generally examined older children or adolescents, 27, [55] [56] [57] [58] [59] or used small nonrepresentative samples. [60] [61] [62] [63] No previous studies of the association between low birthweight and asthma in the US used prospective population-based data and were able to control for independently documented maternal health status or neighborhood housing characteristics. Analysis of data from a national longitudinal survey that have been merged with detailed prenatal medical record data and neighborhood characteristics, puts our study in a good position to identify potential confounders. The analyses incorporated measures of prenatal substance use from both medical records and self-reports, leading to much lower rates of false negatives than when using survey reports alone. Prenatal cigarette smoking was associated with low birthweight but only weakly associated with a childhood asthma diagnosis. It was not associated with asthma when low birthweight was controlled and did not explain any of the association between low birthweight and asthma.
Census tract-level rates of renter-occupied housing units and vacancies were strong predictors of childhood asthma, even when low birthweight, demographic characteristics, socioeconomic status, maternal medical risk factors, prenatal behaviors, neighborhood poverty, and city of residence were controlled (in the last case, in alternate specifications). Neither housing characteristic explained the association between low birthweight and childhood asthma, but each was a strong and significant independent predictor of asthma. High rates of renter-occupied housing units may reflect residential instability or poorly maintained housing, both of which are associated with poor health outcomes, including asthma. 64, 65 The tract-level housing vacancy measure we used may serve as a proxy for the individual's own housing quality or may be a "spillover effect" from proximate housing. Previous research has shown that asthma is associated with exposure to indoor allergens from mold, rats, and cockroaches. 49, [66] [67] [68] [69] [70] [71] Vacant houses and apartments are more likely than nonvacant housing units to harbor vermin, and to have leaky windows, roofs, and pipes that may contribute to damp environments. 50 The tract-level housing vacancy measure may also serve as an index of neighborhood safety, with higher vacancy rates representing less safe environments and possibly less interaction with neighbors, less exercise, and less fresh air. Although numerous studies (several of which are cited above) have found associations between individuals' own housing characteristics and asthma, very few have considered neighborhood housing conditions. A few studies of asthma in the United Kingdom 53, 72 used the Townsend deprivation index, which includes neighborhood-level measures of crowding and proportion of owner-occupied housing. These studies found associations between this index and asthma, but did not examine crowding and owner-occupied housing separately. To our knowledge, only 1 other study has examined associations between specific neighborhood housing conditions and asthma. 73 That study found that neighborhood stability, measured using the proportions of residents living in the same house since 1985 and of owner-occupied housing, was associated with asthma and breathing problems among adults in Chicago. No studies have been able to control for housing quality at both the individual and neighborhood levels. Our finding that high vacancy and renter-occupied housing rates are associated with asthma among young children suggests that research is needed to determine whether characteristics of adjacent or nearby housing are associated with asthma above and beyond those of individuals' own housing units. Our study was subject to some limitations. First, it relied on mothers' reports of whether their 3-year-old children had been diagnosed with asthma. Second, a definitive diagnosis of asthma is difficult to make at age 3, as wheezing in early childhood is often misclassified as asthma. [74] [75] [76] Third, individual-level characteristics and neighborhood poverty may be imperfect proxies for socioeconomic status.
 RESEARCH AND PRACTICE  Fourth, the neighborhood measures correspond to the mothers' census tract at the time of birth, not necessarily where the child lived from birth through age 3 (this, however, would likely bias the results downward). Fifth, although we have shown that the association between low birthweight and childhood asthma persists even when a wide range of factors that had the potential to explain the association were controlled, we cannot rule out the possibility that the association is confounded by differential diagnosis. Lowbirthweight children may have conditions other than asthma that require medical attention, and therefore may be more likely than normal birthweight children to be diagnosed with asthma by age 3. Other childhood health conditions were not included in the analyses. It is also possible that other unmeasured characteristics, such as differential diagnosis by race or ethnicity, underlie some of the observed association between low birthweight and asthma diagnosis. In summary, very little of the strong association we found between low birthweight and maternal reports of asthma diagnosis among young children could be explained by a comprehensive set of well-measured demographic, socioeconomic, prenatal medical, prenatal behavioral, and neighborhood characteristics. Ours is the first study to document independent associations of childhood asthma with neighborhood-level housing vacancy rates and rates of renter-occupied housing. These associations need to be replicated and further explored. 
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